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Abstract 
The purpose of this study is to propose the mathematical model for long pile synthetic turf which can be used for evaluating the 
shock attenuation properties and to investigate the shock attenuation properties by using modeling and simulation method in 
various impact conditions. Although there were some improvements in the impact test for the long pile synthetic turf by adding 
the rod to the test foot for stable movement during impact, the unstable data are still observed because of the irregularity of the 
infill surface which can not be eliminated from the experiments for the long pile synthetic turf. Therefore, ten trials were 
performed to identify in each condition, i.e. the combination of 5 impact areas and 10 dropping heights makes 500 trials were 
performed for parameter identification. And the proposed model in this study is modified from the previous one. Finally, the 
calculated parameters could distinguish the difference of hardness and also simulate the dropping mass-spring model stably. As 
the results, various conditions, such as drop mass, impact duration, were simulated to acquire the FR values in each condition. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the School of Aerospace, Mechanical and Manufacturing Engineering, RMIT University. 
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1. Introduction  
Long pile synthetic turf has become a popular material for various sports facilities, e.g. for football, baseball, 
rugby and cricket fields. Long pile synthetic turf consists of long yarns planted to the base sheet and sand and rubber 
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chips as infill materials for controlling the hardness of the turf. Some sport governing bodies regulate the 
specifications of these new materials, especially for shock attenuation, to ensure the playing ability and safety of the 
turf [1]. Although the test method is reproducible and the criteria are very simple, there are some suggestions that 
the shock attenuation test result only indicates the particular mass-spring combination and the results must be 
changed if the mass-spring combination would be changed. Therefore, a model and simulation method was 
proposed to evaluate the shock attenuation properties for synthetic sports surfaces. To do this, a precise model of 
long pile synthetic turf is required because wide range of impacts are observed in various sports activities [2]. In 
previous studies, we conclude that the impact tester and mathematical model for synthetic surface for track and field 
was also applicable to the long pile synthetic turf if the movement of the test foot was restricted to vertical 
movement by adding the guideway for the test foot rod [3]. Although the unevenness of the data was getting smaller 
by adding the guideway for the rod, the irreproducible data were still observed because of the irregularity of the 
infill surface which can not be eliminated from this kind of experiments. One of the alternative way to acquire the 
reliable data seems to be increaseing the number of trials in the same condition. Therefore, ten trials were performed 
to identify in each condition in this study. Additionally, the model for the synthetic turf was modified for the stable 
simulation. 
2. Test specimens  
Three types of test specimens that have the same dimensions and thickness but different hardness were used in 
this study. Table 1 shows the specifications of these specimens. And Fig.1 shows the cross section view of each 
specimen. These specimens have the same base sheet, 63-mm-long monofilament yarns, and a 5-mm-thick bottom 
layer sand. The difference between these specimens is in the composite ratio of infill material of the top layer. The 
normal-type specimen was formed by sand and rubber chips with 1:1 volume ratio. The mixing ratio of sand and 
rubber of the soft and hard specimen were 1:2 and 2:1, respectively. Each specimen was installed in a square acryl 
cases with the bottom area of 0.25 m2.  
Table 1. Specification of the infill material in each specimen. 
Test specimen Length of yarn 
(mm) 
Bottom layer 
sand (mm) 
Top layer (39 mm) 
Volume ratio of sand : Rubber chip 
Soft 63 5 1 : 2 
Normal 63 5 1 : 1 
Hard 63 5 2 : 1 
 
Fig. 1. Cross section of each specimen. 
3. Methods  
3.1. Impact test device and test feet with rod 
Figure 2(a) illustrates the construction of the impact test device and (b) shows a photograph of the area around 
the sensor unit. The test specimen, test foot with rod and sensor unit were placed on a rigid floor. The test foot was 
made of polyacetal resin, which has sufficient stiffness to withstand the impact test, and the rod was attached to the 
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top of the test foot for stability during impact. The guideway for the test foot rod was also installed to restrict the test 
foot only to vertical movement. Five test feet were used in this study. All the test feet had a cylindrical shape and 
were 20 mm thick, and their diameters were 59.5, 71.0, 81.5, 90.0 and 98.5 mm, respectively. The impact sensor 
unit consisted of an accelerometer, force transducer and target plate for the displacement sensor. The impact weight 
(6.3 kg) was dropped onto the impact sensor from various drop heights. The impact force, impact acceleration and 
impact deformation were recorded. The impact velocity and the deformation were calculated from the impact 
acceleration by numerical integration. The initial value of the integration could be set to 0 because the sensor unit 
was in a completely static state until the weight was dropped onto the sensor unit. Additionally, the impact 
deformation was confirmed by the data from the non-contact displacement sensor. 
 
Fig. 2. Construction of the impact test device (left) and the area around the sensor unit (right). 
3.2. Multi-intensity multi-area impact test 
To acquire the impact data for parameter identification, the test of ten different intensities were performed for 
each test foot. Impact intensities controlled by the drop height of the drop weight ranged from 15 mm to 127.5 mm. 
Ten trials were performed in each impact condition to acquire the reliable data. The impact point was changed at 
every impact test to avoid the influence of the earlier events. The impacts, even the ones with low intensities, 
scattered the infill materials below the test foot. After 20 impact tests in a sequence, the surface of the test specimen 
was flattened for the next tests. Finally, 500 impact tests were performed on each specimen to identify the 
parameters for multi-intensity multi-area conditions.  
3.3. Modified exponential function type nonlinear Voigt model with impact area parameters 
Figure 3 shows the exponential function-type nonlinear Voigt model with impact area parameters for the long 
pile synthetic turf [4]. In this figure, the reaction force of the nonlinear elastic element and that of the nonlinear 
viscous element are represented by the following equations when the impact force F was applied to the test 
specimen via the test foot: 
F −mx = f = fk + fc   (1) 
fk = sign(x)e
k0+k1αβ x
p0+p1αγ   (2) 
fc = sign( x)ec0+c1x+c2 x x q0+q1x+q2 x x r0+r1x+r2 x α s0+s1x+s2 x  (3) 
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where m is the mass of the test foot, k0, k1, p0, p1 are the parameters of the elastic element, α is the impact area, 
β , γ  are the area parameters and c0-2, q0-2, r0-2, s0-2 are the parameters of the viscous element. In this study, the 
parameters of elastic element f
k  were simplified and the exponent part of x  and x  were forced to absolute 
values for improving the identification accuracy and the stable simulation. 
 
Fig. 3. Exponential function type nonlinear Voigt model with area parameters for long pile synthetic turf. 
 
 
Fig. 4. Extracted data set for calculating elastic parameters and the estimated fk curves in each specimen. 
3.4. Parameter identification for exponential function type nonlinear Voigt model  
In the multi-intensity multi-area impact tests, force, deformation velocity and deformation at every sampling 
moment were acquired as a unified data set. By using data sets where the value of ˙ x = 0, the parameters in Eq. (2) 
can be identified by the least-squares method because in Eq. (1) f equals fk if fc is 0. Figure 4 shows the fk values in 
the soft and hard specimens and estimated fk lines calculated by the least-square method. By incorporating the area 
parameters, α , β  and γ , into the proposed model, the force-deformation curve of each test foot can follow the 
force-deformation data well with a set of parameters. To identify the parameters of the fc element in Eq. (3), the 
force fc was calculated by subtracting the estimated force fk from the force f at every sampled data set. The least-
squares method was used with the data set of fc force, deformation velocity and deformation to calculate the fc 
parameters. And then the parameter search method was used to improve the identification accuracy, especially for 
the parameters of the viscous element. The 12 parameters of the viscous elements were adjusted to minimize the 
objective function defined as below: 
RSE = 1 f ( fˆi − fi )
2
i=1
n∑ (n −1)   (4) 
MRSE = RSE jj=1
w∑ w   (5) 
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where fi  is the experimental force at the moment i, ˆ f i  is the estimated force at the moment i, f  is the average 
impact force of an impact test and n is the number of data set in each impact test. Also, w in Eq. (5) is the number of 
impact tests, i.e., w equals 500 in this study. Eq. (4) and Eq. (5) show the Relative Standard Error (RSE) for one trial 
and the Mean Relative Standard Error (MRSE), which signifies the average RSE of all trials, respectively. The 
MRSE was used as the objective function of the secondary identification with parameter searching. Therefore, the 
parameters were searched to minimize the MRSE. Finally, the MRSE of soft, normal and hard specimen were 
18.99%, 18.21% and 18.96%, respectively. Although the MRSE values of long pile synthetic turf are relatively 
higher than that of urethane material which is commonly used for track and field, the results of identification could 
be used for distinguishing the differences between 3 types of long pile synthetic turf.  
3.5. Shock attenuation properties calculated by dropping mass-spring model in various impact situations 
In various impact tests, the force reduction (FR) value is often used as an index of the shock attenuation. FR 
values are defined as follows: 
FR = ( ′f / f )×100   (6) 
where f  is the maximum force calculated with dropping a certain mass-spring model on to the concrete floor 
and ′f  is the maximum force calculated with dropping the same model on to the cushioned material. One of the 
certified test adopted by FIFA shows that the FR value should be ranged from 60 to 70 % for the certification and 
the normal specimen in this study had qualified this criteria. Because the FR value calculated from simulation with 
the same condition of the FIFA test to the normal specimen shows 61 %, the proposed model and the acquired 
parameters seems reliable and useful for estimation with various simulations. 
Generally, some tests assume that the input forces are set to the equivalent force produced by human activities. 
Therefore, the three kinds of maximum forces, 1500 N, 3000 N and 5000 N, which have 10 msec impact duration 
were considered in this study. Furthermore, to produce a certain maximum force with certain impact duration by 
using mass-spring model, there are infinite combinations of mass, spring and drop velocity. Because the tests 
assume human activities, input velocity were ranged from 0.44 m/s to 1.4 m/s and the combination of mass and 
spring were decided to produce these maximum forces. Finally, the following conditions were calculated to consider 
the shock attenuations:  
 
• 3 kinds of maximum force, 1500N, 3000N and 5000N with 10 msec impact duration 
• impact velocity were ranged from 0.443 m/s to 1.400 m/s in 10 steps, which corresponds to the drop height form 
10 mm to 100 mm with 10 mm step 
• drop mass was calculated to fit these conditions  
• impact areas were ranged from 2780 mm2 to 7620 mm2 which corresponds to the different test feet diameters 
from test foot No.1(59.5 mm diameter) to No.5(98.5 mm diameter) 
4. Results and Discussions  
Figure 5 shows the calculated force reduction (FR) values in various impact conditions, drop mass, impact 
velocity and impact area, which is calculated by using identified parameters of normal specimen. Fig. 5(a) shows the 
results of FR calculations for different impact velocities and impact areas in case of the maximum impact force 1500 
N. And (b) and (c) show the case of 3000 N and 5000 N, respectively. FR values decreased with increasing impact 
velocity in the same impact area and also decreased with increasing impact area. Fig. 5(d) shows the results of FR 
calculations for different drop mass and impact areas in case of the maximum force 1500 N. And (e) and (f) show 
the case of 3000 N and 5000 N, respectively. FR values increased with increasing drop mass in the same impact area 
and decreased with increasing impact area. As shown in Fig.5, it is apparent that the FR values were influenced by 
various impact conditions such as drop mass, impact velocity and impact area. Therefore, the model and simulation 
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is the very effective method for evaluating shock attenuation because FR values must be changed if the input 
condition, drop mass, impact velocity and impact area, were changed. 
 
Fig. 5. FR values in various impact conditions calculated by using identified parameters of normal specimen. 
5. Conclusions  
Multi-intensity multi-area impact tests were performed to three kinds of long pile synthetic turfs and identified 
parameters for exponential function type nonlinear Voigt model with impact area parameters. By using the identified 
parameters, force reduction (FR) values in various impact conditions were calculated. The results are as follows: 
 
• Identification accuracy was improved by using modified model and the large number of impact test at the same 
condition 
• Model and simulation method should be used for evaluating shock attenuation properties because the FR values 
varies associate with various impact conditions 
Acknowledgements 
We would like to express our thanks to Oku En-tout-cas Co. Ltd. for their valuable contributions to the study. 
This study was financially supported in part by a Grant-in-Aid for Scientific Research (c) from the Japan Society for 
the Promotion of Science (23500759). 
References 
[1]  FIFA, In: FIFA Quality Concept for Football Turf  Handbook of Test Methods, January 2012 Edition, 2012. 
[2]  K. Kobayashi, H. Yukawa and H. Azuma. Evaluation of cushioning of sport surface under various landing impacts during running by means 
of computer simulation. JSME: symposium on sports engineering : symposium on human dynamics 2001, 9-13, 2001-11-07. 
[3]  H. Yukawa, Y. Fujimoto, S. Kawamura and K. Kobayashi, Shock Attenuation Properties of Long Pile Synthetic Turf by Using Multi-
intensity Multi-area Impact Test, APCST2013, Procedia Engineering, Volume 60, 2013, Pages 281-287. 
[4]  K. Kobayashi and H. Yukawa, Identification of the Exponential Function Type Nonlinear Voigt Model for Sports Surfaces by Using a Multi-
Intensity Impact Test, JSME:Journal of System Design and Dynamics 2011;Vol.5,No.6:1326-1336. 
